Abstract-This paper presents a high-frequency modular medium-voltage AC (4160 VAC or 13.8 kVAC) to low-voltage DC (400 VDC) system that is scalable in order to be used for different scale microgrids. A 15 kW, 500 kHz DC/DC converter is demonstrated as the most important stage of the system overall, which can be scalable to a 225 kW 4160 VAC to 400 VDC system. Motivation of a CLLC resonant converter and its design parameters determination is carefully illustrated. The high-frequency transformer is the key element for the DC/DC converter. Then, the paper focuses on high-frequency transformer design to realize high-voltage insulation, high efficiency, and high density at the same time. Based on a split winding UU core transformer structure, transformer insulation materials and dimension parameters are determined referring to the IEEE insulation standard. The transformer magnetic loss model is reviewed based on which loss design tradeoff is carefully analyzed. Different working frequency impact on transformer design over three different core materials is also presented. Finally, a 500 kHz transformer prototype has been developed and demonstrated with the IEEE standard required insulation tests. A whole CLLC resonant converter is also present with experiments results. The converter holds outstanding 98% efficiency and 2.9 kW/L power density.
D
UE to the increasing use of cloud computing and big data, the power consumption of the data center alone will reach 10% of the total electrical power consumption in the world by the year 2020. Considering such a booming data center load development, high copper cost and conduction loss due to low voltage (480 VAC) power distribution outside sever hall need to be solved. Traditionally data centers step down from medium-voltage (4.16-35 kV) utility facility to 480 V through line frequency transformer and distribute to sever hall using 480 V bus. This leads to a bulky and costly transmission bus with large conduction losses, as shown in Fig. 1 . Instead of a low voltage, CCG Facility Integration proposed to use a 4160 V distribution before a server hall [1] . The distribution current is reduced from 3000 to only 350 A for a 2.5 MW facility. This will dramatically reduce 86% of the copper usage as well as 90% I 2 R conduction loss. For 300 distribution distance, overall efficiency improvement will be around 2% by employing 4160 V distribution.
After power is distributed to the server hall, usage of multistage redundant power conversion stages leads to excessive losses. Together, uninterruptible power system (UPS), power distribution unit (PDU), and power supply unit (PSU) will bring about a 21% loss of the total system power [2] . In order to improve the power conversion efficiency inside the data center server hall, two approaches are proposed; one developing trend is to continue to use the AC distribution within the server hall with a paralleled UPS [3] ; another approach is to, instead employ of the ac, using DC distribution within the server hall [4] . Both of these two methods can reduce redundant power conversion stages. However, in both AC and DC date center power architectures, a line frequency bulky and space consuming transformer is employed to step down medium voltage alternating current (MVAC) to 480 VAC and distribute 480 VAC throughout the facilities. For megawatts data centers, presently, the 480 VAC distribution lines carry thousands of amperes of current which leads to a very bulky and costly transmission bus and a large conduction loss. Accordingly, we proposed a highfrequency isolated AC/DC system which consists of scalable power conditioning system blocks (PCSBs) and provides direct power conversion from MVAC to 400 VDC, as shown in Fig. 2 . In the proposed system, medium-voltage AC is used as the distribution voltage in the data center and the proposed PCSB is used to convert medium-voltage AC directly to 400 VDC inside each server hall. This system can eliminate line frequency bulky transformer, reduce front end conduction cable costs, and save conduction loss. Besides data centers, considering future spatial constraint in urban areas and increasing application of electrical vehicles, proposed high-frequency isolated AC/DC system shows tremendous application prospects in DC charge station and DC nanogrid.
The proposed high-frequency modular medium-voltage AC (4160 VAC and 13.8 kVAC) to low-voltage DC (400 VDC) PCSB is shown in Fig. 3 . Each system block consists of AC/DC H-bridge converters together with high-frequency isolated DC/DC converters. Totally five cascaded PCSBs are employed to convert 4160 VAC directly into 400 VDC. The inputs of ac/DC H-bridges are in series and the outputs of the DC/DC stages are connected in parallel.
For the AC/DC stage, a cascaded H-bridge multilevel rectifier will be used to reach the desired medium voltage. For a 4160 VAC line, the phase-to-neutral input voltage is 2.4 kVAC. With 1200 V SiC MOSFET as the primary switch, a five series connected H-bridge with an eleven-level staircase multilevel waveform can be employed for 2.4 kV input voltage application. To date, the cascaded H-bridge multilevel rectifier is deemed as a mature technology and can be directly applied to the proposed DC data center application [5] .
The most important element of the PCSB system is the highfrequency isolated DC/DC stage. We list all the DC/DC module survey results in Table. I. Traditionally, the devices with the most use are high-voltage insulated gate bipolar transistors (IGBTs) [6] , [7] , [9] , [10] , [13] , based on a three-level neutral point clamped (NPC) topology the 1.7 kV low-cost IGBT is also employed in some applications [16] . With the development of wideband gap devices, the DC/DC stage working frequency goes higher. The most frequently used topology is the dual active bridge (DAB) converter [8] , [9] , [11] , [15] ; except ASEA brown boveri (ABB) is already using the LLC unregulated resonant converter (DCX) [13] .
The medium-voltage high-frequency transformer is the most important component in the whole DC/DC converter in terms of both insulation and power density. From the magnetic point of view, nanocrystalline and MnZn ferrite are the mostly used core materials due to the increasing working frequency. The most commonly used transformer structure is still the UU [9] , [11] , [12] , [13] and EE core shape [16] , [17] , [18] , [20] . All the transformer windings are made by using a litz wire to reduce the high-frequency current conduction loss. Wang's transformer is made up of a laminated amorphous (Metglas SA2605SA1) with 3 kHz working frequency and 7 kW rated power [9] . Due to the employment of 6.5 kV silicon IGBT and core material, the switching frequency is limited and the efficiency is around 91%. UU core pairs are employed and a gap between two core pairs is designed to guarantee insulation. The jacket of the litz wire winding is also designed to meet the insulation requirement. Then, Xu increases both the working frequency and power level to 20 kHz and 20 kW, respectively, for the second generation transformer [11] . The core material is changed into laminated nanocrystalline to reduce the high-frequency core loss. Efficiency is improved to 96%. UU core sectionalized winding is used to guarantee insulation capability. A higher working frequency benefits the 2nd generation by occupying only one third of the 1st generation's space. They also change the DC/DC stage topology into series resonant topology and have better efficiency up to 97% for their third generation under 37 kHz switching frequency [12] . However, the author does not provide an analytical approach for insulation design and does not mention which industry insulation standard he is referring to during insulation test.
Zhao's transformer uses UU cut core pairs to build a magnetic path and integrate the LLC resonant inductor L r as a transformer leakage inductance [13] . Therefore, both L r and magnetizing inductance L m are integrated into the medium-voltage transformer. The transformer magnetizing inductance is carefully designed in order to achieve zero voltage switching (ZVS) for the primary side switches. For their 15 kV application, a 75 kV impulse insulation test and a 34.5 kV rms dielectric test are performed on the prototype. However, the author does not present partial discharge test results and the analytical insulation design is also not included in the paper. The switching frequency is 1.8 kHz and efficiency reaches 95%.
Ortiz et al. also designed two versions of medium-voltage high-frequency transformers; one uses ferrite as the core material and another uses nanocrystalline [15] , [16] . An EE like shape transformer is used because it provides a better coupling between the primary and secondary, while at the same time confining the leakage flux inside magnetic cores. The ferrite version insulation is provided by a polytetrafluoroethylene (PTFE) bobbin. The nanocrystalline version's insulation is based on mica tape. They also do not present an analytical insulation design approach and insulation standard information is also not included in the paper. A pulse width modulation converter and [7] 500 kW 4.5 kV IGBT 8 kHz Nanocrystalline UNIFLEX 2009 [8] 25 kW 1.7 kV IGBT 2 kHz Amorphous FREEDM 2010 [9] 7 kW 6.5 kV IGBT 3 kHz Amorphous EPRI 2012 [10] 50 kW 4.5 kV IGBT 20 kHz Ferrite FREEDM 2013 [11, 12] 20 kW 15 kV SiC MOSFET 20 kHz Nanocrystalline FREEDM GenIII [12] 20 kW 15 kV SiC MOSFET 37 kHz NA ABB 2013 [13] 150 kW 6.5 kV IGBT 1.8 kHz Nanocrystalline ETH 2013 [14] - [16] 166 kW 1.7 kV IGBT 20 kHz Nanocrystalline and Ferrite CUT 2016 [17] 50 kW 1.7 kV SiC MOSFET 5 kHz Nanocrystalline and Ferrite ETH 2017 [20] 144 kW NA 100 kHz Ferrite silicon IGBTs are used for 20 kHz switching frequency and final efficiency reaches 97%. Shuai and Biela proposed a time saving method to quickly figure out maximum electrical field which is helpful but some aspects are not included [18] . The electrical field calculation is based on assumption that epoxy resin serves as a unique insulation material. However, in reality transformer bobbin, insulation tape, and air between transformer components are necessary. Insulation standard information based on which insulation is designed is not included in the paper. The author also analyzes the influence of core material and geometric shape on acoustic noise emission, which is valuable for audible working frequency range transformer design [19] .
Jariz and Biela also designed a high-voltage application (115 kV) transformer with oil immersed insulation approach [20] . Based on Shuai's method Jariz considers more insulation materials to calculate maximum electric field value which is progressive. However, Jariz evaluates seven paths for insulation design based on assumption that these seven paths can cover all insulation weakness point. Moreover, the author only presents partial discharge test results and the highest voltage the author tests is 136% times normal voltage. Insulation standard information based on which insulation test is conducted is not included in the paper. On the other hand, the insulation test is between shorted high-voltage coil and shorted secondary coil. The insulation between winding turns is not mentioned.
Based on previous research analysis, in this paper a novel UU core with split winding structure transformer is built up considering both insulation and leakage inductance and magnetic inductance requirement of CLLC resonant converter. A concise and accurate design process approach is proposed achieving multiple targets including insulation requirement and magnetic loss optimization. DC/DC stage topology comparison between mostly used topologies (DAB and LLC) and novel topology CLLC are analyzed in Section II. CLLC parameters design is discussed in detail. Device information and loss breakdown are also included to verify 500 kHz operation possibility. In Section III, medium-voltage high-frequency transformer analytical design process is presented in detail including the transformer structure, insulation design, and magnetic loss tradeoff analysis. In Section IV, based on the magnetic analysis methodology, a working frequency impact on transformer design is carefully an- Finally, a 15 kW 500 kHz CLLC resonant converter is developed which achieves 98% peak efficiency and 2.9 kW/L power density.
II. HIGH-FREQUENCY ISOLATED DC/DC CONVERSION
The most commonly used topology for the DC/DC stage is a DAB. However, this converter loses ZVS at light load because leakage inductance energy is not enough to fully achieve ZVS at light load. Moreover, DAB circuit turns off switches at almost peak working current resulting in a high turn off loss. The CLLC resonant converter employs magnetizing inductance to achieve ZVS of the primary switches for whole load range, and synchronize rectifier (SR) control is used for secondary devices to reduce conduction loss. The switching frequency is locked at the resonant frequency of the resonant tank for most efficient operation. Quantitative comparison between DAB and CLLC under similar working condition is presented. The simulation condition is shown in Table II , note that DAB magnetizing inductance is large enough to eliminate its impact; however, CLLC magnetizing inductance is determined based on device zero voltage switching requirement discussed in detail later. Critical switching current and conduction current comparison results are presented in Fig. 4 . It is obvious that they share similar conduction loss but CLLC holds much lower switching loss. From pushing higher switching frequency point of view, CLLC shows advantages over DAB converter.
Besides DAB topology, LLC is employed in ABB's prototype [13] . Comparing to traditional LLC, CLLC holds several advantages. First, CLLC is a physical symmetrical resonant topology for both power flow directions and holds similar conversion gain curve performance. This feature is necessary for some applications such as electric vehicles or renewable energy pluggable application with batteries in which bidirectional power flow is necessary to feedback electricity to the grid. LLC-type resonant converter holds unsymmetrical conversion gain curve performance due to its unsymmetrical resonant tank structure. It cannot boost conversion gain for reverse power direction. Second, for 15 kW power application, the resonant capacitor voltage stress is one of design challenges. CLLC distributes two resonant capacitors bank on both primary and secondary side of the transformer, which can help us to reduce the resonant capacitor voltage stress comparing to LLC topology. From another prospective, all the methods and analysis presented in this paper are not limited to CLLC topology and can be directly carried over for an LLC resonant circuit magnetic design.
Based on the analysis above, CLLC resonant topology is used for the DC/DC stage converter shown in Fig. 5 , two paralleled output sets are employed to achieve 15 kW output power. Note there are five important resonant component parameters, including magnetic inductance (L m ), leakage inductance (L kp , L ks ), and resonant capacitors (C p , C s ). The L m determines the peak current of magnetizing current which supports the energy to achieve primary side devices ZVS operation. So the upper limitation of magnetizing inductance is determined based on device ZVS requirement which is calculated by device equivalent output capacitor (C oss ) shown in (1), where T o is the converter switching cycle, t d is the dead time. The leakage inductance is used as a resonant inductor, in order to meet insulation requirement leakage inductance is large enough already which give us an enough gain performance curve to operate. The design target is to minimize the leakage without sacrificing insulation requirement. According to finite element analysis (FEA) simulation final results is listed in Table II . For the resonant capacitors, they can be calculated based on target resonant frequency 500 kHz and leakage inductance. The results are already shown in Table II . Newly developed wideband gap devices are employed for both primary 1.2 kV silicon carbide MOSFET (GE12N025RF-3) from GE and secondary 650 V gallium nitride device (GS66516T) from the GaN System listed in Table III L
Based on device candidates' characterization results, the converter device loss breakdown under 15 kW 100°C can be estimated as shown in Fig. 6 . As switching frequency increases, dead time should be reduced accordingly due to the dead time is determined by the loss tradeoff between switching loss and conduction loss. Within shorter dead time current employed to achieve ZVS has to be increased which is the turn off current of primary side switches. Therefore, each turn off event consume more power loss. This explains that primary turn off loss is not increased linearly as frequency increases. The design detail of 200, 300, and 500 k are listed in Table IV . It is obvious that up to 500 kHz device related loss is still acceptable within 1% of total power.
III. HIGH-FREQUENCY MEDIUM-VOLTAGE TRANSFORMER

A. Transformer Structure Determination
Frequently used transformer structures are still EE core and UU core structures as shown in Fig. 7 . From insulation point of view, both of these two structures, sectionalized windings are employed to guarantee insulation capability. The gap between two core parts can be used to insert a shielding board between the primary and secondary coil to increase both clearance and creepage distance. Insulation between transformer core and primary winding is also crucial. For type 1 EE core structure, high-voltage winding is surrounded by the core for two sides. Insulation distance design between winding and core is necessary resulting in much larger window area comparing to UU core type 2. Because UU core high-voltage winding is surrounded by the magnetic core for only one side, and insulation space and window area can be reduced, as shown in Fig. 8 . Therefore, UU core structure holds smaller transformer core volume.
From leakage inductance point of view, if we make a comparison between two structures, type 1 holds two times higher magneto motive force (MMF) value when compared to type 2. Moreover, type1 holds a shorter air flux path length (l d ), all of which result in a larger leakage inductance and a higher eddy current loss when compared to the type 2 structure. Threedimensional (3-D) FEA simulations are done in Maxwell and the magnetic field simulation results are shown in Fig. 8 under the same scale. It is obvious that type 1 holds a higher magnetic field value among the window area because of the higher MMF value and the shorter air flux path length. Quantitative calculation result shows that type 1 holds a 12 μH leakage inductance which is two times larger than that of type 2 6.1μH. Therefore, the type 2 winding is verified working under a lower leakage flux density which generates a lower eddy current loss.
Based on transformer core volume and magnetic field information around the core, both transformer core loss and winding loss can be estimated based on method presented in Section III-C. UU core holds both lower core loss and winding loss. The results are shown in Fig. 9 . Note this is calculated based on f s = 500 kHz working frequency; N = 12 turn number; P v = 300 kW/m 3 core loss density; and L m = 28 μH magnetizing inductance.
Besides the winding loss impact, the leakage inductance will also influence the CLLC resonant capacitor voltage stress. According to the leakage inductance simulation result, we can calculate corresponding resonant capacitor value under different resonant frequencies (100 kHz/ 300 kHz/ 500 kHz), as shown in Fig. 10 . Then, the resonant capacitor voltage stress is measured under a 15 kW full power CLLC circuit simulation shown in Fig. 10 . For the worst case, under 500 kHz 15 kW condition type 1 structure holds 1200 V voltage stress which is almost two times higher than that of the type 2 structure 618 V. Besides simulation the resonant capacitor voltage stress can also be estimated through analytical expression shown as
where P f represents the full power of converter, N ps is the turn ratio between primary and secondary; and V o is the output voltage. Based on all above analysis, the type 2 UU core structure is chosen as our transformer structure.
B. Transformer Insulation Design
It is obvious that only the high-frequency isolated transformer can provide the insulation safety function for the overall system and it should be designed based on the input medium-voltage level 4160 V. The insulation between the primary high-voltage winding and the secondary low-voltage winding plus the transformer core should all be designed based on the 4160 V insulation requirement. However, insulation between the secondary winding and the core only needs to be designed based on 400 V level.
According to the IEEE Std. C57.12.01 standard [21] , there are three essential dielectric tests to be passed: basic lightning impulse test, applied voltage test, and partial discharge test. The lightning impulse test should have a 30 kV crest value, and the low-frequency apply voltage should be tested up to 12 kV rms value for the 4160 V application shown in Table V .
In order to pass the IEEE Std. C57.12.01 standard, transformer clearance distance and creepage distance should be designed based on the transformer steady-state operation voltage (4160 V) and transient maximum peak insulation test voltage (30 kV). According to the standard [22] , the 4160 V operating voltage minimum creepage distance should be at least 41.6 mm; for 30 kV peak working voltage the minimum clearance distance should be at least 42 mm. Besides these requirements, all the insulation solid material thickness such as insulation tape and bobbin should all be designed based on the maximum insulation requirement of 30 kV. According to the previous analysis, we propose a novel UU core type transformer, which is shown in Fig. 11 . Within each coil, instead of a multilayer winding, a single-layer winding is employed to eliminate insulation stress between different winding layers. In addition to this, we also encapsulate the primary high-voltage winding with an epoxy material (EPIC Resin R1055/H5083) to eliminate insulation weakness and avoid moisture and dust impact on the high-voltage winding. This is critical for partial discharges constrain and coil aging prevention considerations. Based on the structure above, bobbin materials selection and their quantitative dimensions are crucial in order to meet the standard requirement. Three different solid insulation materials for the transformer bobbin are compared in Table VI . PTFE is chosen as an insulation bobbin material with higher dielectric strength (19.7 kV/mm) and higher thermal conductivity (0.25 W/mK). Another three different insulation tape candidates are compared in Table VII . 3M 8943 is chosen as the dielectric tape for higher dielectric strength (9.8 kV/0.17 mm) and higher thermal conductivity (0.4 W/mK).
Note that the plastic material dielectric strength is reduced when the material thickness increases. The rule of thumb relationship is listed in the following equation [23] :
where D s is the dielectric strength under the specific thickness T, and D sref is the reference dielectric strength under the reference thickness T ref .
Considering a 50% margin, 45 kV is chosen to determine the insulation thickness and its calculated results are shown in Table VIII . Based on above insulation parameters, we built an electric field simulation in Maxwell to simulate the electric field distribution among all insulation materials including air, transformer bobbin, insulation tape, and encapsulating material. The primary side high-voltage winding is connected to the high insulation test voltage 30 kV. Both the transformer core and secondary winding are grounded. The final simulation result is shown in Fig. 12 . From the result we can find that within the insulation solid material (bobbin, insulation tape, and encapsulating material) the maximum electric field is around 5.5 kV/mm which is much smaller than that of all the insulation solid material.
C. Core Material Selection and Magnetic Loss Modeling
According to above survey results the most commonly used core materials are nanocrystalline and ferrite. For our target 500 kHz application, nanocrystalline is ruled out due to its high core loss density at such high working frequency range when compared to ferrite. Therefore, MnZn ferrite is our material candidate. Five state-of-the-art MnZn ferrite material candidates are compared in Fig. 13 . 3F36 holds a lower loss density when compared to the other competitors and it is chosen as our core material candidate.
The state-of-the-art core loss calculation method is the Steinmetz Equation shown as
where B m is the peak flux amplitude, P v is the time average power loss per unit of volume, f is the frequency of the sinusoidal excitation, and k, α, and β are constants found by the curve fitting results from the core loss measurement. This method cannot be directly used in the CLLC resonant converter since it is only valid for sinusoidal voltage excitation. However, the CLLC resonant converter square voltage excitation waveform is added on the transformer core. A Rectangular Extension Steinmetz Equation is proposed to exactly predict core loss under the rectangular voltage excitation [24] . Due to a squared (D = 0.5) voltage excitation for the CLLC resonant converter, the core loss calculation for the CLLC resonant converter can be further simplified as
Transformer across section area (A e ) can be calculated based on the ferrari equation shown in (6) . Transformer volume can be obtained by multiplying A e with core magnetic loop length l c , where V pri is the primary side DC voltage, N is the turn number of primary side. Then, transformer core loss can be calculated by multiplying core volume with core loss density under square voltage excitation shown in (7) . Note that there is only one dependent variable that is transformer primary turn number N
A litz wire is used in the high-frequency transformer. Based on the assumptions mentioned in [25] , the litz wire winding loss model should consider both the eddy current flowing inside each strand due to the external field and the conduction loss neglecting the eddy current effect. The latter is easy to calculate via DC resistance of conductor, therefore this paper will focus on the former. We assume that each litz strand's diameter is small enough so that the external magnetic field for each small strand is uniform. For a cylinder conductor in a uniform flux density, the squared field derivative (SFD) method is widely used to calculate the instantaneous eddy current loss [25] 
where l is the cylinder conductor length and ρ c is the resistivity of wire. In order to calculate each litz strand eddy current loss, its corresponding external magnetic field is necessary. To calculate the time average of the total AC loss in all conductors of a winding, Dr. Sullivan proposes to use the spatial average of the time-averaged SFD [25] . Considering each litz stand is regularly twisted and braided in the 3-D winding coil. Space average magnetic field should be used for loss calculation in (9) . Then, a 2-D magnetic field simulation for the proposed transformer structure is developed and a magnetic field distribution is shown in Fig. 14 . It is obvious that the magnetic field is nonlinear and irregular. It is hard to find an analytical way to calculate the external field over the winding region. In order to obtain the exact space average, a 3-D magnetic field simulation is established. The calculation function within MAXWELL software supports this purpose
where N is the transformer turn number, N s is the litz wire strand number, l w is the length per turn, and < · > j is the space average calculator over j turn winding. There are still two dependent variables N and t. From the time-domain point of view, the magnetic field is a quasi-sinusoidal shape and here we assume it is a sinusoidal shape and the time average eddy current loss calculation is given as
where H m is the peak magnetic field value for the external field under peak excitation current, and· is time average calculation over whole cycle. Based on this equation, a static 3-D magnetic field simulation result can be used to calculate the litz wire winding eddy current loss. The winding working current conduction loss can also be calculated easily through (11) . Finally, a total winding loss can be calculated by summation of (10) and (11) shown in (12) . Note that there is only one dependent variable 
D. Transformer Magnetic Loss Analysis and Design
Based on the previous magnetic loss calculation models, an optimal transformer design can be developed. A litz wire strand American wire gauge (AWG) 44 (diameter 51 μm) is chosen since it is small enough considering the 500 kHz skin depth 92 μm. According to national electrical code, a litz wire strand numbered around N s = 825 is chosen for a 15 kW 21 A rms current application [26] . The initial design core loss density is chosen as P v = 300 kW/m 3 . Because there is only one dependent variable for core loss and winding loss calculation, which is transformer turn number. Then, the transformer core loss and the winding loss with a swept transformer turn number are plotted in Fig. 15 . The core loss decreases with an increasing transformer turn number because the larger turn number helps us to reduce the transformer across the section area and total transformer volume. Under a certain core loss density condition, the core loss will decrease by the reducing transformer volume. At the same time, a larger transformer turn number will increase the total transformer winding length which results in a higher winding loss. Finally, the summation of both core and winding loss contribute to a transformer total loss U shape curve that can be plotted as shown in Fig. 15 . The valley region holding the lowest total loss is preferred.
In order to consider the impact of core loss density (P v ), P v is swept from 100 to 800 kW/m 3 and transformer total loss versus transformer volume relationship is plotted in Fig. 16 . This figure consists of a group of curves which represent different core loss density, respectively. Within each curve there are different design points, each point represents one specific transformer turn number swept from 6 to 20 with step value 2. Different turn number contributes to different winding loss, core loss, and transformer volume. Among all these design points, the point which is closer to the corner comes with lower total loss and lower volume is preferred for our design. Therefore, every curve holds one point closest to the corner which is optimal design point marked red bode in Fig. 16 . The relationship between these optimal design points clearly shows a transformer design tradeoff between volume and total loss. As the core loss density increases, the optimized transformer volume decreases, at the same time optimal transformer total loss increases. The final design point (N = 12, P v = 300) locates around the corner region as the tradeoff between volume and total loss is shown in Fig. 16 . Transformer design parameters are summarized in Table IX . Note that the transformer magnetizing inductance is determined by corresponding device ZVS requirement.
IV. WORKING FREQUENCY IMPACT ON TRANSFORMER DESIGN
In order to analyze the working frequency impact on transformer magnetic design, the above analysis method is utilized; however, the design variable is replaced with working frequency. We need to note that under a different working frequency, the litz wire strand AWG should also be different. A higher working frequency comes with a lower skin depth value, the corresponding litz wire AWG value should be larger and the strand diameter should be smaller. In order to make a reasonable comparison, we assume that the ratio between strand diameter and skin depth to be around 0.54 and the corresponding litz wire strand AWG for different working frequency is shown in Table X . Of course the total conduction area for different working frequency cases is still the same 1.65 mm 2 . The value is determined by the electrical code [26] . Assuming 30°C ambient temperature, under 90°C operation the ampacity of copper cable under 21 A rms (15 kW power level) can be calculated based on the linear interpolation method which is 12.8 A/mm 2 . Therefore, a cross-section area 1.65 mm 2 can be obtained. Under the same core loss density (300 kW/m 3 ), the same total winding conduction area (1.65 mm 2 ), and same core material (3F36) we can plot the transformer design curve (volume versus total transformer loss) shown in Fig. 17(a) . As mentioned above, a design point closer to the corner is preferred as the tradeoff between the transformer volume and the total transformer loss. Each mark represents one specific transformer turn number design point. For each working frequency, we can pick up one optimal design point and plot it in Fig. 17(b) . It is obvious that under a 3F36 core material and P v = 300 kW/m 3 condition transformer volume diminishing return happens at 400 kHz and total transformer loss begin to rebound after 400 kHz. The same phenomenon still exists for 500 kW/m 3 core loss density. We also need to note that the optimal working frequency of different core materials is also different. If the core material is changed from 3F36 to 3C98 and ML95S, based on the above-mentioned analysis method comparison between these three transformer materials under same core loss density P v = 300 kW/m 3 over different working frequency is shown in Fig. 18 . From the transformer loss point of view, we can find that 3C98 is better than a 3F36 up to 300 kHz and two curves intersect with each other between 300 and 400 kHz. After 400 kHz, 3F36 shows its advantage over 3C98. After 500 kHz, ML95S takes over and shows a better performance up to 800 kHz where ML95S reaches its valley point and rebounds back. From transformer volume prospective, the phenomenon is similar at 200 and 300 kHz where we can obtain a smaller transformer volume by using 3C98 material. However, after 400 kHz, 3F36 shows it is beneficial by continuing to reduce transformer volume. After 500 kHz, ML95S takes over and continues to reduce the transformer size up to 1 MHz. It is obvious that by pushing a higher working frequency the transformer size is still shrinking, however, under different working frequency, different core material should be chosen.
V. TRANSFORMER PROTOTYPE AND INSULATION TEST
A. Transformer Prototype and Parasitic Inductance Test
Based on the previous transformer designed parameters shown in Table IX , a medium-voltage high-frequency transformer prototype is developed, as shown in Fig. 19 . Dimension provided includes mechanical fixture space already. The transformer gap value is determined by a transformer magnetizing inductance. The power density reaches 40.5 kW/L for transformer only.
The prototype parasitic leakage inductance and magnetizing inductance is also obtained. Three terminals transformer magnetic model is shown in Fig. 20 and corresponding magnetic relationship equation is given in (13) . There are six independent inductance parameters in the equation including L 11 , L 22 , L 33 , M 12 , M 13 , and M 23 . Therefore, six independent inductance test circuits are employed to solve these six parameters. Among these six circuits three are self-inductance measurements in which tested winding is connected to test terminal of impedance analyzer and other windings are all open circuit. The other three circuits are employed for mutual inductance measurement. Every two windings combination is series connected at first and then connected to impedance analyzer with the left winding open circuit. Based on these six test results, the six independent inductance parameters can be solved through (14)
where T R 1−6 represent test results for six different measurement circuits. Based on self-inductance and mutual inductance results, transformer leakage and magnetizing inductance can be solved through the following equation. Assuming physical turn ratio is 2:1 from primary to secondary. Calculation results are shown in Table XI . At the same time, a 3-D FEA simulation result of leakage inductance and magnetizing inductance is also listed in Table XI L
B. Transformer Medium-Voltage Insulation Test
After transformer prototype is built up, insulation safety should be first concern since the target application is 4160 V medium voltage. In order to verify the transformer insula- tion capability for a 4160 V medium-voltage application, the transformer prototype is tested by referring to the IEEE Std. C57.12.01 insulation standard. Three insulation tests are conducted, including basic lightning insulation test, applying voltage insulation test, and partial discharge insulation test, all of which will be separately presented in the following. According to the IEEE Std. C57.12.01 standard, for a 4160 V application transformer the basic lightning insulation test should be at least 30 kV. Within 1.2 μs the test voltage should be increased to 30 kV peak value and gradually go down to half of peak value at next 50 μs. During the test, if the test voltage waveform is smooth and no collapse happens during the waveform going down, the transformer passes this lightning test. Practical transformer under test and equivalent circuit are shown in Fig. 21 . One terminal of primary winding is connected to impulse generator and one terminal is connected to ground. Secondary winding is shorted and grounded together with transformer core. Note that insulation between transformer primary winding turns can also be verified at the same time due to primary side connection method. Then, the transformer is tested under required condition, a test waveform is shown in Fig. 22 . The test waveform meets the requirement and shapes smoothly going down. Blue and red curves represent two independent test results. Two test waveforms agree with each other and overlap very well. Based on these test results, we conclude that the transformer passes the basic lightning insulation test.
The second insulation test is applied voltage test. During this test secondary low voltage coil is shorted and grounded, at the same time transformer core is grounded. A primary high-voltage coil is first shorted and then added to a 12 kV rms line frequency medium voltage shown in Fig. 23 . The test condition is referring to the IEEE standard. After the test voltage is increased to 12 kV, the test voltage is held for 60 s and during this time there should be no flash over, spark over or puncture. During practical 60 s test, the transformer insulation is stable and insulation failure never happens.
The third insulation test is a partial discharge test. A protracted partial discharge can erode a solid insulation and eventually lead to a breakdown of insulation. A partial discharge test equivalent circuit is the same as above applied voltage test, however, additional equipment is added that is partial discharge measurement unit and test requirement are shown in Fig. 24 . This unit can measure the transformer dynamic partial discharge value during the whole test process. The test condition is also shown in Fig. 24 . During whole test process the highest partial discharge value is 3.8 pC which is much smaller than 50 pC of the IEEE standard requirement.
VI. CLLC CONVERTER EXPERIMENT TEST
Finally, a 500 kHz 15 kW CLLC resonant converter is developed based on our medium-voltage high-frequency transformer shown in Fig. 25 . The power density reaches 2.9 kW/L. We gradually increase the converter power level up to 15 kW, the waveforms of 4, 8.4, 11, and 15 kW are shown in Fig. 26 , respectively. The dead time is around 80 ns and the turn off current of the primary side device is around 12.5 A. It is obvious that zero voltage switching is achieved.
In order to achieve high efficiency power conversion, secondary side GaN devices need to work at the SR mode to re- duce conduction loss. Because device third quadrant conduction voltage is much smaller when device channel is turned ON comparing to device channel is turned off. Therefore, we need to maximize the conduction time of the SR device channel in order to minimize device conduction loss. After fine tuning the secondary side SR conduction time, the highest efficiency we can achieve is presented in Fig. 27(a) . Peak efficiency at around 8.4 kW load is around 98%. As comparison calculated efficiency is also present, corresponding loss break down at peak efficiency point 8.4 kW is shown in Fig. 27(b) . We summarized crucial parameters of the overall DC/DC stage test results and make a comparison with recent year existing technology in Table XII .
With the help of high working frequency 500 kHz, the converter of this paper holds the highest power density. Though it is working at 500 kHz, the CLLC resonant topology and new developed wideband gap devices contribute to the highest efficiency over others' prototype. At the same time transformer insulation is tested up to 30 kV according to the IEEE standard requirement of 4160 VAC application.
VII. CONCLUSION
A high-frequency isolated CLLC resonant converter is the key element in PCSB system for a next generation DC data center. Its whole load ZVS capability and symmetrically resonant tank feature show advantages over mostly used topologies DAB and LLC, respectively. CLLC's five crucial parameters design is clearly presented. The medium-voltage high-frequency transformer is the most crucial component in terms of insulation and power density. A novel UU core with sectionalized winding structure is chosen to enhance insulation capability, restrict leakage inductance, and reduce magnetic loss at the same time. Transformer insulation parameters are calculated based on the IEEE standard requirements. Concise magnetic loss model of both core loss and winding loss are also presented. The transformer turn number is determined based on the transformer loss and volume tradeoff. Different working frequency impact on transformer design is also analyzed based on similar method; 400 kHz is found to be the best working frequency for 3F36 material. Different material's optimal working frequency is also different. A 15 kW/500 kHz transformer prototype is developed and measured under given method for parasitic inductance measurement. The transformer is tested to pass three insulation tests according to the IEEE Std. C57.12.01 standard. Based on transformer prototype 15 kW 500 kHz CLLC resonant converter is built up, experiment results are also presented with 98% peak efficiency and 2.9 kW/L power density.
